Recent evidence has shown that the activation of receptor tyrosine kinases is not only dependent on binding of their ligands but in addition requires adhesion molecules as coreceptors. We have identified CD44v6 as a coreceptor for c-Met in several tumor and primary cells. The CD44v6 ectodomain is required for c-Met activation, whereas the cytoplasmic tail recruits ERM proteins and the cytoskeleton into a signalosome complex. Here we demonstrate that c-Met (and hepatocyte growth factor and Gab1) is haploinsufficient in a cd44 ؊/؊ background, as the cd44 ؊/؊ ; met ؉/؊ (and cd44 ؊/؊ ; hgf ؉/؊ and cd44 ؊/؊ ; gab1 ؉/؊ ) mice die at birth. They have impaired synaptic transmission in the respiratory rhythm-generating network and alterations in the phrenic nerve. These results are the first genetic data showing that CD44 and c-Met collaborate in vivo and that they are involved in synaptogenesis and axon myelination in the central and peripheral nervous systems.
After ligand binding, receptor tyrosine kinases (RTKs) are activated and induce physiological events such as proliferation, migration, differentiation, or apoptosis (reviewed in reference 25) . For the majority of RTKs, the activation step was thought to be exclusively dependent on binding of the ligand, although for members of the fibroblast growth factor receptor (FGF-R) family an involvement of a coreceptor, namely heparansulfate modified proteins (HSPG), has long been proposed (39, 44) . In this case it is believed that the ligand has to bind to the HSPG and the complex then activates the receptor. This concept of a coreceptor function for RTKs has expanded recently and appears to have a much broader relevance. A variety of adhesion molecules such as N-cadherin, N-CAM, or integrins can interact with FGF-Rs, vascular endothelial growth factor receptor, GFR␣1, or c-Met to facilitate or enhance receptor activation (2, 5, 21, 34, 36) . Particularly interesting is the family of CD44 adhesion molecules. CD44s or CD44v3 isoforms collaborate with epidermal growth factor receptors (29, 30) . We have shown that CD44v6 acts as a coreceptor for c-Met. We have demonstrated that the expression of CD44 isoforms containing exon v6 is a prerequisite for c-Met activation by its ligand hepatocyte growth factor (HGF) in several tumor cells and in primary cells (19) . CD44v6, HGF, and c-Met form a ternary complex and the CD44v6 extracellular portion is required for c-Met activation, whereas the cytoplasmic tail recruits ERM proteins (ezrin, radixin, and moesin) and the cytoskeleton into a signalosome complex that mediates signal transduction (19, 20) .
The experiments performed on cancer cell lines suggest a collaboration between CD44v6 and c-Met in the metastatic process. The expression of CD44v6 in otherwise nonmetastatic tumor cells rendered these cells responsive to HGF (19) and made them metastatic (7) . Data obtained from knockout mice seem to contradict that such a collaboration occurs in animals. The c-Met (and the HGF) knockout mice are embryonic lethal (1, 26, 37) . They die between embryonic day 12.5 (E12.5) and E16.5 from a placental defect. The migration of the myogenic precursors is impaired so that organs like the tongue, the diaphragm, or the limbs are not formed. In addition, the liver is severely damaged. This is in striking contrast to the CD44 knockout mice. Although the activation of c-Met in primary keratinocytes is strictly dependent on CD44v6 (19) and limb outgrowth relies on CD44v3 heparansulfated isoforms (29) , the CD44-null mice showed no overt phenotype during development. They showed only mild abnormalities in myeloid progenitor migration, bone marrow colonization (27) , and lack of homing of lymphocytes to lymph nodes or to the thymus (22) .
An explanation for this striking difference between the CD44 knockout mice and the c-Met and HGF knockout mice could be that the function(s) of CD44 is substituted by another protein in the CD44-null mice (no other CD44-related protein has so far been detected). This hypothesis is strongly supported by the data obtained for another type of "knockout" mouse in which CD44 was downregulated by means of CD44 antisense sequences expressed under the control of the keratinocyte K5 promoter (10) . Accordingly, these mice do not express CD44 in the keratinocytes. Surprisingly and in clear contrast to the total CD44 knockout, the newborn mice have severe skin alterations, such as a delay in wound healing, in local inflamma-tory responses, and in hair regrowth. Since the K5 promoter is turned on around day 10 during embryogenesis, we assume that CD44 functions can be substituted during early embryogenesis whereas at later times (when the K5 promoter becomes active) CD44 can no longer be substituted and knocking down of CD44 is then detrimental for the animals. This notion is confirmed by the fact that the only overt phenotypes observed in the CD44 total knockout mice are visible at the adult stage; for example, the maintenance of postpartum lactation is impaired (45) .
Here we test the relevance of CD44/c-Met cooperation in vivo and the substitution of the CD44v6 coreceptor function in CD44 knockout mice. We performed crossing experiments between CD44 knockout mice and met (or hgf or gab1) heterozygotes and asked whether the cd44 Ϫ/Ϫ ; met ϩ/Ϫ (or hgf ϩ/Ϫ or gab1 ϩ/Ϫ ) mice show haploinsufficiency and therefore a phenotype. hgf and gab1 crosses are included, since both knockout mice have a phenotype similar to the c-Met knockout mouse (1, 24, 26, 37) . For HGF, the ligand for c-Met, this was expected. Gab1 is a docking protein (reviewed in reference 12) that mediates most of the signaling pathways from c-Met (17, 40) as it recruits Grb2, the p85 subunit of PI3K, phospholipase C1, and SHP-2 to the receptor. The similarity of the knockout of Gab1 with c-Met underlines the importance of this interaction.
The c-met (or hgf or gab1) heterozygotes in a cd44 ϩ/ϩ background (and in cd44 ϩ/Ϫ , shown here) develop normally and show no overt phenotype. In striking contrast, the heterozygotes in a cd44 Ϫ/Ϫ background show lethality at birth with a penetrance reaching 70%. The animals cannot breathe and their lungs are not inflated. This defect results most likely from an impaired synaptic transmission in the brain stem respiratory rhythm-generating network and from alterations in the phrenic nerve that innervates the diaphragm. This haploinsufficiency of met (or hgf or gab1) in the cd44 Ϫ/Ϫ mice can only be explained if CD44 and c-Met/HGF/Gab1 cooperate in vivo. We give here the first genetic evidence that these molecules collaborate in embryogenesis.
MATERIALS AND METHODS
Mouse strains, genotyping. cd44 Ϫ/Ϫ mice (27) were backcrossed with C57BL/6 mice for 10 generations and then used for crossings with met ϩ/Ϫ , gab1 ϩ/Ϫ , or hgf ϩ/Ϫ mice (1, 26, 37) that had also been backcrossed with C57BL/6 mice. Genotyping using mouse tails was performed with the following primers in the PCR: for met inactivation, NEO1 (5ЈCTTGCGTGCAATCCATCTTGTTCAA TG3Ј) and MET1 (5ЈCACTGAGCCCAGAAGAGCTAGTGG3Ј); for endogenous met, MET2 (5ЈGTACACTGGCTTGTACAATGTACAGTTG3Ј) and MET3 (5ЈCTTTTTCAATAGGGCATTTTGGCTGTG3Ј); for gab1 inactivation, NEO2 (5ЈTTGTTTTTCGAGCTTCAAGGTTCAT3Ј) and GAB1 (5ЈCCC TTTGTGGATGGCTTCTTTGT3Ј); for endogenous gab1, GAB1 and GAB2 (5ЈTTCTTGGCATGATCGTTTTTGTAA3Ј); for hgf inactivation, NEO1 and HGF1 (5ЈCCCGCAGAGGTATATTGTGTTGTCC3Ј); for endogenous hgf, HGF1 and HGF2 (5ЈCTGTTCCTGATACACCTGTTGGCAC3Ј); for cd44 inactivation, CD441 (5ЈCGCAGGTGTATTCCATGTGG3Ј) and NEO3 (5ЈACG TTGTCACTGAAGCGGG3Ј); and for endogenous cd44, CD441 and CD443 (5ЈACTGATATGACCCTAATGGCTTCC3Ј).
Histology. Newborn mice were sacrificed, fixed in Bouin's solution for 24 h and embedded in paraffin. Serial sagittal sections of 6 m were stained with hematoxylin and eosin. The histological analysis was performed by Frimorfo, Fribourg, Switzerland.
In situ hybridization. HGF and cMet cDNAs were a kind gift from Carmen and Walter Birchmeier, MDC, Berlin, Germany (32) . The CD44 cDNA probe corresponds to positions 1 to 690 of rat cDNA (7) . This region has 98% homology with the mouse sequence. Mouse brains were prepared, fixed for 16 h in 4% paraformaldehyde (PFA), and embedded in paraffin. In situ hybridization on 6-m sections was performed with a digoxigenin-labeled RNA probe synthesized with a Dig RNA labeling kit (Roche, Mannheim, Germany). The probes were used at a concentration of 1 g/ml. Hybridization conditions have been described previously (31) . Hybridized RNA was detected with alkaline phosphatase-coupled digoxigenin antibodies according to the manufacturer's protocol (Roche).
Analysis of motoneurons in the facial nucleus and nucleus ambiguus. We determined the number of motoneuron cell bodies in the facial nucleus and nucleus ambiguus of cd44 Ϫ/Ϫ ; met ϩ/Ϫ double mutant and cd44 ϩ/Ϫ ; met ϩ/Ϫ control mice that were delivered by cesarean section at E19. Similar analyses were performed with 3-week-old mice applying established techniques (18) . Animals were perfused transcardially with 4% PFA in 0.1 M phosphate-buffered saline at pH 7.4. The brain stem containing the facial nucleus and nucleus ambiguus was dissected, and 7-m paraffin sections were prepared. After Nissl staining, motoneurons were counted in every fifth section, and the raw counts were corrected for split nuclei as has been described previously (13) .
Phrenic nerves. We analyzed phrenic nerve fibers in E19 and 3-week-old cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice as well as in cd44 ϩ/Ϫ ; met ϩ/Ϫ and cd44 ϩ/Ϫ ; met ϩ/ϩ control mice. Animals were perfused as described above. The phrenic nerves were then dissected, and in 3-week-old mice, the proximal and distal parts of the nerve were separately processed. The nerves were postfixed for 3 h in 0.1 M sodium cacodylate buffer containing 4% PFA and 2% glutaraldehyde and kept overnight in sodium cacodylate buffer containing only 4% PFA. After osmification and dehydration, all samples were embedded in Spurr's medium. From phrenic nerves of 3-week-old mice, semithin (1-m) cross sections were cut with a diamond knife on an ultramicrotome. Sections were then stained with azur-methylene blue. The number of intact myelinated fibers was determined from photographs taken from nerve cross sections under a Zeiss light microscope equipped with a Zeiss HRC digital camera. For morphometric analysis of E19 phrenic nerve axons, we prepared ultrathin (ϳ80-nm) sections from the resin-embedded phrenic nerves, floated on Formvar-coated single-slot nickel grids, contrasted with uranyl acetate and lead citrate (23) . Sections were then analyzed in a LEO 912 AB transmission electron microscope (Zeiss SMT, Oberkochen, Germany). High-resolution overview images of nerve cross sections were acquired using a slow-scan charge-coupled-device camera system and the multiple image alignment function of the Universal TEM Imaging Platform ITEM (Soft Imaging System, Münster, Germany). These images allow detailed qualitative and quantitative analyses of entire nerve cross sections. As a measure for axon size, the circumference of axons was determined and used to calculate axonal diameter.
Electrophysiological recordings in brain stem slices. All electrophysiological analyses were performed in a blinded manner on brain stem neurons of mice. Slices containing the pre-Bötzinger complex (preBötC) from late embryonic littermate mice (E18 to E19) were used for whole-cell recordings (46) . Briefly, the bath solution in all experiments consisted of (in mM) 118 NaCl, 3 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 25 NaHCO 3 , 1 NaH 2 PO 4 , and 5 glucose at pH 7.4, which was aerated with 95% O 2 and 5% CO 2 and kept at 28°C. The pipette solution for patch-clamp recording contained (in mM) 140 K-gluconate (for glutamatergic postsynaptic current [PSC]) or 140 KCl (for GABAergic/glycinergic PSC), 1 CaCl 2 , 10 EGTA, 2 MgCl 2 , 4 Na 3 ATP, 0.5 Na 3 GTP, 10 HEPES, pH 7.3. Spontaneous GABAergic/glycinergic and glutamatergic PSCs were recorded from neurons of the preBötC in 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 1 M strychnine and 1 M bicuculline, respectively. Spontaneous miniature GABAergic/glycinergic and glutamatergic PSCs (miniature inhibitory PSCs [mIPSCs] and miniature excitatory PSCs [mEPSCs]) were recorded as described above, but in the presence of 0.5 M tetrodotoxin. Generally, signals with amplitudes of at least two times above the background noise were selected, and the statistical significance was tested in each experiment. In all tested animals, there were no significant differences in the noise levels between different genotypes. The PSCs were amplified and filtered by a four-pole Bessel filter at a corner frequency of 2 kHz and digitalized at a sampling rate of 5 kHz using the DigiData 1200B interface (Axon Instruments). Data acquisition and analysis were done using commercially available software (pClamp 9 and AxoGraph 4. Statistical analysis. Statistical data are expressed as means Ϯ standard errors of the mean (SEM). The statistical significance of the differences between means was assessed with Student t tests (InStat; GraphPad Software Inc.). The level of significance was set at P of Ͻ0.05.
Statistical analysis of the motoneuron and axon counts was performed using a two-tailed test, and P values of Յ0.05 were considered significant.
Statistical analysis of size distribution of axonal profiles was performed using the Mann-Whitney U test. (Table 1) . cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice were born with the expected Mendelian ratio (36 out of 152 progenies). However, shortly after birth, 70% of these animals had breathing difficulties and died. Similar experiments were performed with hgf as well as gab1 heterozygote mice. In the case of hgf, 208 progenies were analyzed, and 60% of cd44 Ϫ/Ϫ ; hgf ϩ/Ϫ mice died. In the case of the gab1 crossing (143 progenies), 69% of the cd44 Ϫ/Ϫ ; gab1 ϩ/Ϫ animals did not survive (Table 1) . In contrast, all animals that were heterozygous for cd44 and for met, hgf, or gab1 survived and developed normally.
These results imply that the three molecules used in the crossings are involved in the same pathways. Their haploinsufficiency in the context of CD44-null mice shows that these molecules are connected to CD44 in wild-type animals.
A possible explanation for the survival of 30% of the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice could be an upregulation of c-Met in the surviving animals. Therefore, we determined the amount of c-Met in liver lysates by Western blot analysis. Livers were isolated from animals at birth. From the same animals, the lungs were tested for floating on water (see below). Livers of the cd44 Ϫ/Ϫ ; met ϩ/ϩ mice show higher amounts of c-Met compared to amounts for the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice, irrespective of whether the lungs of cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals sank or floated on water (data not shown). Thus the survival of these animals appears not to be due to an upregulation of c-Met.
The cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals that survived developed in all respects normally and in particular were fertile. To evaluate whether these animals gained an unrelated genetic alteration that accounts for their survival, we crossed them with cd44 Ϫ/Ϫ ; met ϩ/ϩ animals and monitored again the phenotypes of progenies. The majority of the cd44 Ϫ/Ϫ ; met ϩ/Ϫ progenies also died at birth, similar to the first crosses (Table 1) . cd44 ؊/؊ ; met ؉/؊ animals die at birth from a lung defect. To analyze phenotypic changes that might account for the haploinsufficiency, an overall histological analysis of whole embryos was performed. Serial sagittal sections through entire embryos were done, followed by hematoxylin and eosin staining. Two control animals (cd44 ϩ/Ϫ ; met ϩ/Ϫ ) were compared to two cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals that showed breathing difficulty at birth. The gross anatomy of the most vital organs, such as heart, kidney, as well as the overall structure of the brain, did not show any obvious abnormalities that might explain the lethal phenotype. The lungs of the two cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice, however, showed multifocal atelectasis that was obviously caused by a primary asphyxia (Fig. 1A) .
We next performed a simple test to demonstrate whether the lungs were inflated. The lungs of newborn animals were removed and deposited in flasks containing water. We reasoned that the lungs from the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice that eventually would die should sink. In 76% of the cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals, the lungs sank, indicating that they were not inflated (Table 1 and Fig. 1B ). All the control lungs floated. The percentage of cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals affected in the floating assay corresponded well to the percentage of animals that died (Table 1) .
Nerve fiber morphology in the phrenic nerve is changed in the cd44 ؊/؊ ; met ؉/؊ mice. Explanations for the lethal asphyxia in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice might be either pathological alterations of the peripheral organs along the airway, such as lung, diaphragm, etc., or neuronal impairments in the peripheral and/or central nervous system related to respiration. The histological analysis revealed that the general anatomy of the intercostal muscles and the muscle fibers of the diaphragm was normal (data not shown). We determined the number of motoneuron cell bodies in the facial nucleus and nucleus ambiguus in mice at E19. We examined four animals of each genotype. We could not find any difference in motoneuron numbers between cd44 Ϫ/Ϫ ; met ϩ/Ϫ and control mice in the facial nucleus or in the nucleus ambiguus. Also, the morphology of motoneurons appeared similar (see example in Fig. 2A) . Similar results were obtained with 3-week-old cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice (that survived) and cd44 ϩ/Ϫ ; met ϩ/Ϫ control mice. In the phrenic nerve, however, we detected differences. Electron microscopy of phrenic nerve cross sections of E19 control mice showed that most of the axons were completely encircled and were thus segregated from each other by Schwann cells (Fig. 2B, panels a and c) . Individual Schwann cell profiles were surrounded by a basal lamina and collagen (Fig. 2B, panel c) . In isolated Schwann cell profiles, 54% Ϯ 4.5% ensheathed one axon (Fig. 2B , panels a and c), 40% Ϯ 3.13% ensheathed 2 to 4 axons, and 5% Ϯ 1.98% ensheathed 5 to 10 axons. Only 0.5% Ϯ 1.8% of isolated Schwann cell profiles were found to ensheath bundles of axons in which more than 10 axons were in close apposition without intervening Schwann cell processes (Fig. 2B, panel a) . Occasionally, we observed that myelination was just starting (Fig. 2B, panel c) .
In contrast, in cross sections of phrenic nerves of cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice individual Schwann cell profiles appeared to ensheath, on average, more axons than in control mice (Fig. 2B,  panel b) . Significantly less Schwann cell profiles than in controls ensheathed only one axon (28.0% Ϯ 6.0%; P Յ 0.001), 43.0% Ϯ 1.5% ensheathed 2 to 4 axons, and 24.0% Ϯ 5.6% ensheathed 5 to 10 axons. The number of Schwann cells associated with bundles of axons without intervening Schwann cell processes was increased to 5.0% Ϯ 0.6% (Fig. 2B, panels b and  d) . Moreover, axons that were ensheathed by a single Schwann cell profile showed comparatively large variations in size, while in controls they usually displayed similar diameters. The number of segregated axons (axons completely ensheathed by Schwann cell profiles) in phrenic nerves of cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice was significantly reduced by 20% (Table 2 ) (192 Ϯ 15, n ϭ 4, compared to 240 Ϯ 12, n ϭ 5, in cd44 ϩ/Ϫ ; met ϩ/Ϫ or cd44 Ϫ/Ϫ ; met ϩ/ϩ mice). In addition the percentage of segregated axons with a diameter size between 0.75 to 1.00 m was 14.96% Ϯ 1.41% in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice compared to 27.41% Ϯ 4.36% in control mice (Table 2 ). In contrast, the percentage of small (Ͻ0.75-m) and large (Ͼ1.00-m) caliber axons was only slightly increased in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice ( Table 2) .
In summary, these data suggest that the mechanisms for axonal segregation by Schwann cells, myelination, and axon size distribution are impaired in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice. Interestingly, in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice that survived we could not find any change in axon numbers or Schwann cell morphology in the proximal or distal phrenic nerves ( Fig. 2A) .
Severe impairment of overall network activity in preBötC neurons in cd44
؊/؊ ; met ؉/؊ mice. Another possibility that might cause a lethal phenotype is a failure in the central respiratory control system, as was shown previously (15, 38) . We therefore performed in situ hybridization experiments to test the expression of the respective proteins in the central respiratory system. Indeed, our results revealed coexpression of CD44, c-Met, and HGF in the ventral respiratory group within the brain stem (Fig. 3) , suggesting that these molecules might cooperate. Thus it is possible that alterations in these tissues in the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice could have an impact on the central respiratory system.
We therefore started a series of electrophysiological exper- iments to find possible failures in the central respiratory control system that might cause the lethal phenotype in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice. We first monitored the overall spontaneous postsynaptic currents (sPSCs) using whole-cell recordings in preBötC neurons. These currents represent the general activity level of the respiratory network. The activity in preBötC neurons was diminished in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice compared to that in the control littermates ( Fig. 4A and B) . It is interesting to note that the activity levels in the preBötCs of individual cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice were heterogenous. Four of seven mice showed an activity level that was lower than 25% of the control level (mice no. 1 to 4 in Fig. 4C ). In three of seven mice the activity levels ranged between 37% to 55% of the level in control mice (mice no. 5 to 7 in Fig. 4C ).
Severe impairment of synaptic transmission in preBötC neurons in cd44 ؊/؊ ; met ؉/؊ mice. To further characterize the failure in the respiratory network, we next analyzed the inhibitory and excitatory PSCs in the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice in comparison with their littermates. The frequency of glycinergic and GABAergic miniature mIPSCs in preBötC neurons was significantly decreased in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice ( Fig. 5A and B) . In contrast, the amplitudes of mIPSCs were not changed (Fig. 5C) .
The mEPSCs were measured using whole-cell recordings in preBötC neurons. It is striking that the frequency of glutamatergic mEPSCs in preBötC neurons was already decreased in cd44 Ϫ/Ϫ ; met ϩ/ϩ mice, while they were even further decreased in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice ( Fig. 6A and B) . The amplitude of mEPSCs was only moderately changed between littermates with different genotypes (Fig. 6C) . Thus, these data demonstrated that homozygous null mutation of CD44 showed a significant effect on excitatory transmission that became even more severe by additional heterozygous mutation of c-Met.
In conclusion, these experiments show that the haploinsufficiency of c-Met in the CD44-null background is based on a defect in synaptic transmission in the preBötC, suggesting that in the CD44-expressing animals c-Met and CD44 cooperate in synaptogenesis.
DISCUSSION
Previous data have demonstrated that CD44v6 acts as a coreceptor for c-Met in transformed as well as primary cells (14, 19, 20) . An important question remained as to whether CD44 is essential for c-Met function in vivo. The data presented here, that the majority of met ϩ/Ϫ mice in a CD44-null background did not survive in contrast to met ϩ/ϩ or met ϩ/Ϫ mice in a CD44-positive background, are the first genetic evidence that the coreceptor CD44 is essential for the function of c-Met during embryogenesis in vivo. A further conclusion drawn from our experiments is that the CD44 function for c-Met is substituted by another protein in the CD44 knockout mice and that this protein does not function as efficiently as CD44. This idea that functions of CD44 on April 30, 2016 by guest http://mcb.asm.org/ might be substituted in the CD44 knockout mouse is well documented. Ablation of CD44 expression in the skin shows a drastic phenotype that is not at all observed in total CD44 knockout mice (10) . From this observation two conclusions can be drawn, (i) CD44 functions are substituted in CD44 total knockout animals and (ii) a substitution cannot occur at later times in embryogenesis, namely at day 10 when the expression of CD44 in the skin is turned off (10) . In addition Rhamm, a receptor for hyaluronic acid, has been shown to take over a function of CD44 in the CD44 knockout mice. In the absence of CD44, Rhamm is able to react with hyaluronan and triggers an enhanced inflammatory response to collagen-induced arthritis (16) . Furthermore, we have recently identified ICAM-1 as a protein that takes over the function of CD44 as a coreceptor for c-Met in human hepatoma cells and in the liver of CD44-null mice (our unpublished data).
That the decreased concentration of collaborating molecules might lead to haploinsufficiency was already successfully demonstrated in the case of Gab1 knockout mice (24) . In gab1 Ϫ/Ϫ embryos, the migration of muscle precursor cells into the limbs and the diaphragm is strongly reduced but not completely blocked. This is in contrast to the hgf Ϫ/Ϫ and met Ϫ/Ϫ mice and also to the gab1 Ϫ/Ϫ ; met ϩ/Ϫ mice where the phenotype is much more drastic. In the context of the Gab1 knockout mice, c-Met is haploinsufficient because it cannot transmit some crucial signals (24) . Another example of haploinsufficiency in signaling pathways is the rescue of embryonic lethality of pten ϩ/Ϫ mice by grb2 heterozygosity (4).
In general, there might be many different causes for the lethal phenotype of the met ϩ/Ϫ mice in the CD44-null background. One reason might be failures in the organogenesis of one or several peripheral organs. The gross anatomy of the most vital organs, such as heart, lung, kidney, as well as the overall structure of the brain, did not show any obvious abnormalities that might explain the lethal phenotype.
Although the gross anatomy of the lung seems to be intact, the lungs of the lethal met ϩ/Ϫ mice in the CD44-null background were never inflated. As all organs and tissues along the airways were intact, there are no physical or aerodynamic reasons why respiratory movement and gas exchanges never take place in these animals. This suggests that the lethal phenotype was caused by failures in neuronal activity.
The respiratory rhythm is generated by a brain stem respiratory network. Among other parts of the brain, the preBötC in the brain stem is an essential component of the central respiratory rhythm-generating network. The presented data show that the overall network activity of the preBötC is strongly compromised. The reduction of network activity varies between different cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals from 45 to 95% of the level in control animals. Previous studies of neurexin and neuroligin triple knockout mice (15, 38) demonstrated that a reduction of network activity of Ͼ45% was necessary to cause visible irregularities in the resting ventilation activity, and only a reduction of Ͼ75% caused a life-threatening failure of ventilation. Thus, the different level in the reduction of overall network activity could explain the partial penetrance of the defect in the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice. The detailed analysis of the defect in the preBötC showed that met heterozygotes in the CD44-null background have a decrease of both synaptic excitation and inhibition. Interestingly, the glutamatergic synaptic excitation in the CD44 knockout mice is already severely decreased but no change is observed in glycinergic and GABAergic synaptic inhibition nor in the overall synaptic activity. Within the respiratory network, the synaptic inhibition is essential to generate a stable and regular respiratory rhythm, and therefore the overall network activity is mainly influenced by synaptic inhibition. Thus it seems that the impairment of the synaptic inhibition is the main cause of the decrease of the overall synaptic activity in the cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals. It is noteworthy that although there is a strong decrease in the frequency of the miniature excitatory and inhibitory transmission in cd44 Ϫ/Ϫ ; met ϩ/Ϫ animals, their amplitude was only moderately compromised. This suggests that both the excitatory and inhibitory synaptic reductions are most likely of presynaptic nature. As the overall structure within the brain stem network was not dramatically changed, as judged from the histology of the region, these data would suggest either a reduced number of neurons and/or synapses in the brain stem preBötC region.
In addition to the disturbances in the preBötC, in cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice a significant reduction in the number of axons that were segregated for myelination and a change in their size distribution were observed in the phrenic nerve that innervates the diaphragm. Axonal signals are thought to be of crucial importance for early stages in myelination (for an example, see reference 28). A function of HGF/c-Met in the development of motoneurons has been described at stages corresponding to the period of naturally occurring cell death (between E13 and E20) (42) , where they might act as motoneuronal survival factors (6) . HGF also promotes neural induction (33) and axon outgrowth (43) . Interestingly, HGF acts preferentially on a subset of limb-innervating motoneurons within the cervical spinal cord (42) , a population of motoneurons that extends long axons. In addition, HGF has been shown to act as a chemoattractant that guides developing axons to their target (6) . A reason for the change in axon morphology and for the delay in reaching the 1:1 axon/Schwann cell ratio required for myelination (3) in the phrenic nerve might therefore be that the capacity of motoneurons to sustain outgrowth of functionally adequate axons is impaired. Indeed, the phrenic nucleus is a column of motoneurons extending from the third to the sixth cervical cord segment that also makes long axons and therefore might be preferentially affected. Also, the migration defect of (1, 26, 37) seems to be due to the loss of a function of HGF as a chemoattractant since ectopic expression of HGF in transgenic animals leads to ectopic muscle formation (35) . However, the morphology of the diaphragm and of the intercostal muscles was normal, indicating that a defect of muscle cell migration does not contribute to the haploinsufficiency in the cd44 Ϫ/Ϫ ; met ϩ/Ϫ mice. Alternatively or additionally, changes in myelination may be caused by impaired differentiation of Schwann cells. HGF can stimulate Schwann cell mitosis via c-Met (11) . However, the function of HGF or c-Met for Schwann cell differentiation has never been investigated in knockout mice because HGF and c-Met knockout mice die early during development, before Schwann cells start to differentiate. The effects of the cd44 deletion in met heterozygote mice provide the first genetic evidence that HGF/c-Met signaling plays a physiologically relevant role for development of functional axons that innervate the diaphragm and possibly also other muscles that contribute to respiration.
Taken together, our data suggest that the presence of the coreceptor CD44 is essential for the function of c-Met in the synaptogenesis and axon/nerve fiber development in the peripheral and central nervous systems.
Although the haploinsufficiency of c-Met in the CD44-null background undoubtedly shows that in wild-type mice c-Met and CD44 cooperate, it does not allow any conclusion as to whether this cooperation is direct or indirect and what the underlying mechanism is. From our previous studies using cell lines, we suggest that during embryogenesis specific isoforms of CD44 containing exon v6 also act as coreceptors for c-Met. Indeed CD44 variant expression has been shown on axons and neurons in the central nervous system (9) and HGF acts via c-Met on central nervous system neurons (8, 41) . The suggestion that CD44 acts as a coreceptor for c-Met during embryogenesis is further strengthened by our findings that in carcinoma cells lacking CD44v6, ICAM-1 fulfills the coreceptor function for c-Met, and that in CD44-null mice this new coreceptor for c-Met substitutes for the CD44 function in liver (our unpublished results).
